Strontium adsorption was studied in an aluminum-pillared montmorillonite (PILC) carrying organic acid groups. The in situ dissociation of these groups increases the number of negative sites in the modified PILC, promoting thus the uptake of cations from an exchange solution. To investigate the role of solution pH and acid strength in cation uptake phenomena, base titrations were performed for PILCs carrying either oxalate or acetate groups. Comparison with the pristine PILC showed that extra Sr 2+ uptake initiated at pH 6 and 8 in the presence of oxalate and acetate, respectively. The overall increase in Sr 2+ uptake was higher in the presence of oxalate and amounted to about 136% as compared with the pristine PILC, at pH slightly above 8. The effect of the acid's strength was further probed through strontium adsorption isotherms, taken at a constant pH for PILC samples carrying acetate, oxalate, malonate, or citrate groups. The results demonstrate that cation uptake can be optimized by tuning the pH conditions to the acid's strength or vice versa. C 2002 Elsevier Science
INTRODUCTION
The need to identify effective scavengers for hazardous radionuclides, such as 137 Cs and 90 Sr, has furnished several natural and synthetic materials for the decontamination of radioactive waste tanks, groundwaters, foodstuffs and biological systems. Traditional ion-exchange processes using organic resins have been widely explored for such applications (1) (2) (3) . Molecular recognition technology has offered the alternative of specially designed complexants including crown-ethers, calixarenes, cryptands, and related macromolecules that preferentially bind the radionuclides via selective active groups, present in their molecular backbone (4) (5) (6) . Yet, in recent years, separation techniques are being further improved by the development of a broad spectrum of inorganic ion exchangers having cavity, tunnel, or layered structures (7) (8) (9) . This class of materials includes pillared clays (PILCs)-mostly montmorilloniteswhich have proved effective in adsorbing cesium and stron-tium from aqueous solutions, even in the presence of competing cations (10, 11) . Apart from being highly resistant to thermal and radiation degradation, PILCs exhibit fast exchange kinetics, are biologically compatible and their production process is economically viable. Furthermore, refining on their preparation methods may give rise to materials having the desired ion exchange properties to meet the separation needs. For example, PILCs with increased selectivity for cesium or strontium have been tailored by introducing the adequate pillaring species between the clay lamellae (12, 13) . In a previous work (14) we faced the challenge of suppressing strontium desorption by an aluminum-pillared montmorillonite in acidic aqueous solutions. Oxalic acid groups have been intercalated in the PILC interlayer and adsorption-desorption experiments showed that it is feasible to retain Sr 2+ ions in the modified PILC even under highly acidic conditions, i.e., pH 3. The concept used therein drew on an analogy with the design of cationic resins, in which the common practice is to synthesize a polymer matrix carrying either strong (sulfonic, phosphoric, etc.) or weak (carboxylic) acid groups. Depending on the strength of the acid group, its hydrogen ions can be replaced more or less easily by cations of the surrounding solution. In many cases, selective resins can be tailored for metals, as long as the latter form highly insoluble salts with certain anions. For instance, resins containing thiol or sulfide groups are selective for heavy metal ions, which form insoluble complexes with sulfur-containing ligands (15, 16) . The same rationale has been recently adopted for trapping mercury ions in porous clay heterostructures, functionalized by thiol groups (17, 18) . In our scenario, carboxylic acids were introduced in the PILC network to serve as complexants for radiostrontium. The anticipated effect was the formation of carboxylate anions within the PILC galleries, giving rise to additional uptake of Sr 2+ in the form of in situ acid-resistant chelates. Apparently, since organic acids do not dissociate over the entire pH range, it is necessary to establish a careful combination of their acid strength and pH conditions in order to enhance the cation exchange capacity of an acid-modified PILC.
In the present work, our investigations are extended to modifications of the PILC with several organic acids of various acid strengths. Titrations as well as ion adsorption isotherms are being employed to study the effect of the acids on strontium uptake in relation to their dissociation constant and the solution pH.
EXPERIMENTAL

Materials
A Greek bentonite under the commercial name ZENITH-N (Silver & Baryte Min. Co., Athens, Greece) was used as the source material for the Al-PILC prepared in the present study. According to the supplier, the phases present in this bentonite are 85% montmorillonite, 5% feldspars, 3% calcite, 2.5% quartz, 2% illite, 2% christobalite, while the rest is amorphous. Organic acids, namely acetic, oxalic, malonic, and citric were purchased from MERCK-Schuchardt.
Preparation of the Al-PILC
Before pillaring, the clay fraction-mainly montmorillonite-of ZENITH-N was separated by sedimentation and washed repeatedly with 1 M NaCl solutions to bring it to its Na + -homoionic form. The CEC of the final Na + -montmorillonite was 0.93 meq g −1 . The intercalant has been prepared by titrating an AlCl 3 solution with NaOH until an OH/Al ratio of 1 was reached. The clay powder was added to the intercalant solution at a ratio of 3.5 mmol Al per g clay. After pillaring and freezedrying, the PILC precursor was calcined at 500
• C. The CEC of the final product was restored by first exposing the PILC to an ammonia atmosphere overnight and then contacting it with a 1 M sodium chloride solution. The solution pH was continuously adjusted to the value of 10 by addition of NaOH, for approximately 30 h, until no further pH reduction was observed. This latter step converted the as-prepared PILC to its Na + -homoionic form-designated hereafter as pristine PILC-and led to a CEC of 0.64 meq g −1 in neutral solutions. A detailed description of the CEC restoration process is given by Karamanis et al. (19) . The d 001 -spacing of the pristine PILC was determined to be 1.67 nm by means of powder X-ray diffraction (Fig. 1) and 0.16 cm 3 g −1 , respectively. Calculation of the pore size distribution showed that only 15% of the total pore volume consists of micropores (width less than 2 nm) while the rest is in the mesoporous region (width between 2 and 50 nm). This feature, common to PILCs that have been submitted to a freeze-drying treatment, is responsible for the fast ion exchange kinetics (∼10 min) exhibited by the present PILC. Details of the characterization techniques are presented elsewhere (14) .
Preparation of the PILC-Weak Acid Complexes
Organic acid groups were intercalated in the PILC, by dispersing 0.5-g batches of pristine PILC in 50 ml of 0.01 M acid solutions. The suspensions were mildly agitated for 15 h and the PILC was collected via centrifugation, washed twice with deionized water, and dried at 50
• C overnight. Sample labels X-PILC refer hereafter to the modified pristine PILC, where X stands for the initial of the corresponding acid.
Titrations
Protonation/deprotonation properties of clay surface sites and dissociation reactions of weak acid groups, can be studied experimentally through acid-base titrations. Titrations were performed for two acid-modified samples, namely O-and A-PILC. The difference in the pK values of the two acids (pK 1,oxalic = 1.23, pK acetic = 4.75) suggests no strong overlap of their titration curves. In general, when a mixture of acids is titrated, the curve of each individual acid is clearly distinguishable as long as the dissociation constants of the acids in the mixture are sufficiently different, i.e., by ∼5 pK units. Assuming that O-and A-PILCs were converted into their H + -form during the acid intercalation, pristine PILC was also converted to its H + -form and titrated to compare with the two modified samples. The conversion involved contact of the pristine PILC with a mild HCl solution (pH ∼ 4) for 1 h, separation of the solid phase and washing with de-ionized water. The above steps were repeated twice to yield H + -PILC. Suspensions of 0.25 mg of PILC in 50 ml of deionized water were used in all titrations. The pH of the suspensions was recorded using a Wissenschaftlich-Technische Werkstätten (WTW) pH meter, while electrode calibrations were performed using WTW standard buffers. A 0.01 M Sr(OH) 2 solution was used as titrant, amounts of which were added manually in a continuously stirred suspension. The pH was recorded following addition of the titrant and equilibrium was presumed when the pH changed by less than 0.01-0.02 units per min. Generally, 30 min elapsed between successive additions of titrant. Blank titrations were also realized, under the same conditions, using deionized water solutions. Although ion exchangers are often titrated in the presence of a background salt concentration, a so-called straight titration (20) , using no background electrolyte was carried out in the present study. In a straight titration, the slope of the curve is slightly different in the first stages of the procedure, since ion exchange does not begin until a significant amount of titrant has been added to the solution. Ordinarily, adjusting the ionic strength of the solution is not essential, if it is intended to obtain pK values with an accuracy of only 0.1 to 0.2 (21) .
Strontium Adsorption Isotherms
To evaluate Sr 2+ uptake by the acid-modified PILCs, adsorption isotherms were performed with duplicate samples, applying the batch technique. Suspensions of 0.1 g PILC in 200-ml aqueous solutions of various SrCl 2 concentrations were prepared. The exchange solutions also contained trace amounts of 85 Sr (Amersham International Plc), which decays emitting a γ -ray of 514 keV. The amount of strontium uptaken by the PILC was determined by counting the γ -activity of 85 Sr in the exchange solution, both before and after the ion-exchange process. Radioactivity measurements were performed using an intrinsic 22% efficiency Ge detector (Princeton Gamma-Tech), shielded against background radiation by 5-cm lead. Spectra were accumulated in 2024 channels and stored for analysis in an IBM-compatible computer. The pH was adjusted to 8 by addition of Sr(OH) 2 solution. Contributions of both the chloride salt and the hydroxide accounted for the initial Sr 2+ concentration in solution, which ranged from 0.1 to 1.4 mM.
Although ion exchange kinetics for the acid-modified-PILCs remain of the order of 10 min, exchange was prolonged overnight to ensure saturation of the material.
RESULTS AND DISCUSSION
PILC-Weak Acid Complexes
At selection of the acids for the present study, it was kept in mind that their carbon chain length should allow penetration inside the pores of the PILC. The latter can be considered as forming a network of adjacent spaces of parallelepiped shape, their height being fixed to the height of the pillars, with their other two dimensions varying from 1 to 10 nm. Enough space is thus available for accommodating the incoming species, as long as their size conforms to the above geometrical restrictions. Otherwise, pore blocking may occur, hindering cation uptake. Such an effect has been reported for Cs + adsorption on montmorillonites in the presence of an anionic polysaccharide and various humic acids (22) . The organic moieties rendered the adsorption sites of the clay inaccessible and consequently its Cs + loading was reduced.
In general, dicarboxylic and hydroxy acids form insoluble chelates with alkaline earth metal ions. Typical examples are the highly insoluble strontium salts with the acids used in the present study: oxalic, malonic, and citric. Although strontium acetate is water-soluble, acetic acid was employed because it is knwon to interact by both physi-and chemisorption with the montmorillonite surfaces (23) . Furthermore, this acid is comparable in size with oxalic acid and its much lower acidity offers a reasonable basis to investigate the role of the acid's strength on the cation exchange capacity of the PILC.
The initial pH of the 0.01 M carboxylic acid solutions used in the present study was 2.06 for oxalic, 2.50 for malonic, 2.63 for citric, and 3.38 for acetic acid. During contact with these solutions, the PILC is likely to adsorb both molecular and anionic species, since the hydroxyl groups situated on the clay surface and the aluminum pillars are known to protonate in acidic conditions. It is well documented that aluminum-pillared montmorillonites act as anion exchangers under conditions of low pH. Dyer and Gallardo (24) found that the uptake of Cl − anions on an Al-PILC increases considerably upon varying the solution pH from 4 to 3. Other workers have reported that the anion exchange capacity of an Al-PILC is high around pH 3, while partial dissolution of the pillars is initiated only at pH lower than about 2 (25) . More recently (26) , it was demonstrated that the highest anion uptake by an Al-pillared montmorillonite, is found to occur between pH 1.3 and 2. The authors also state that a decrease in basal spacing and surface area is observed for samples treated in this pH range, but no structural collapse is evidenced. On the basis of the above findings, it may be inferred that contact of PILC samples with solutions of pH between 2 and 3, results in a high amount of carboxylate anions (RCOO − ) adsorbed on positively charged sites of basal surfaces without appreciably modifying the structure of the pristine PILC. Another mechanism that contributes to carboxylate adsorption is the ligand exchange between RCOO − and OH − groups coordinated with Al ions on the surface of the montmorillonite and on the pillars. Several studies investigating the interaction of polycarboxylates with clays and aluminum (hydr)oxides manifest that Al species, such as Al 3+ , AlOH 2+ , and Al(OH) 2 + ions, are strongly complexed with organic acids (27) (28) (29) . The degree of complexation and complex stability varies with ionic strength, solution pH and relative concentration of acid groups and aluminum ions. In the case of multivalent acids, it is possible that carboxylate groups belonging to the same carbon chain are not complexed to aluminum and are thus available for complexation with strontium ions. Undissociated acid molecules may finally enter the interlayer space interacting with the clay surface through hydrogen bonding and van der Waals forces. On the whole, contribution to the cation exchange capacity of the host PILC is likely to arise from carboxylate species adsorbed through different mechanisms.
Titration Measurements
Titration of acid-modified PILCs with a strong base, e.g., Sr(OH) 2 , causes deprotonation of both strongly and weakly ionizable groups of the material. The amount of H + ions desorbed during this process will combine with the hydroxyl ions of the titrant, thus suppressing the increase of pH after addition of base. This picture can be summarized in the reaction below: [1] where G represents any group of the modified PILC bearing a charge 2x
− , such as a negative site of the clay lattice, a surface silanol or aluminol oxygen, or a carboxylate anion. The desorbed proton concentration [
is calculated as the difference between the total OH − added to the suspension and the OH − required to bring the blank solution to the same pH, according to the formula
in which pH b1 and pH are the pH values of the blank solution and the PILC suspension, V 0 and v t (ml) are the volumes of the initial suspension and of titrant added, respectively, and m p (g) is the mass of PILC in suspension. An equivalent amount of Sr 2+ is subsequently considered to replace the desorbed protons, as implied by Eq. [1] . This approach can provide only a tentative treatment of the titration data, inasmuch as it assumes that the PILC's selectivity for strontium is infinitely high and that the negatively charged groups of the PILC are completely neutralized by either H + or Sr 2+ cations. Studies of proton and metal adsorption on montmorillonite, however, demonstrate that a fraction of structural charges is not compensated by cations and is responsible for the negative surface potential of the clay particles (30, 31) . As was concluded by Avena and De Pauli (30) , the number of structural sites which are not screened by cations is practically constant in the pH range between 3 and 10 and amounts to less than 10% of the neutralized sites, depending on the ionic strength of the exchange solution. Another process that is being neglected in Eq. [1] is the consumption of solution OH − by ligand exchange reactions with RCOO − species complexed with PILC aluminum sites. This exchange would contribute to the pH variation of the bulk solution and cause the desorption of some carboxylate groups from the PILC, especially in the alkaline region. Although, the above inferences suggest that the amount of strontium uptaken by the titrated PILCs is possibly overestimated, Eqs. [1] and [2] provide a simple and reasonable description of the present data and allow an ad hoc interpretation of the effect of organic acids on cation uptake.
The variation of equilibrium pH during addition of Sr(OH) 2 is shown in Fig. 2 Fig. 3 , showing that the release of protons from the three samples increases in the order H + -PILC < A-PILC < O-PILC. Based on the existing data, surface deprotonation reactions and ion-exchange are difficult to separate. For the case of H + -PILC, it can be assumed that the region of pH < 8 is dominated by acid-base equilibria of montmorillonite surface hydroxyl groups. Acidity constants reported in the literature support such an assumption. These groups have been identified as silanol and aluminol groups, involved in reactions of the type
Al(OH 2 )(OH 2 )
The surface deprotonation constants are usually computed from potentiometric titration data employing different surface   FIG. 3 . Desorbed H + concentration from the titrated PILCs as a function of pH. See Fig. 2 for symbol interpretation. The dashed line at 640 µmol g −1 depicts the cation exchange capacity of the pristine PILC. complexation models, which are extensively reviewed by Goldberg (32 concentration in solution becomes comparable to the CEC of the sample and the exchange reaches equilibrium. As shown in Fig. 3 , the protons liberated by the H + -PILC approach the CEC of pristine PILC (∼0.64 meq g −1 ) only at pH values above 10. The modified PILCs present buffer action during titration at alkaline pH values, indicating that the titrant's OH − ions are neutralized by protons emerging from the PILC due to dissociation of the carboxylic acids. Figure 2 shows that in the case of O-PILC, the buffer action sets on in the pH region between 8.0 and 8.2, in which addition of base does not cause any significant pH change. This feature is better corroborated in Fig. 3 , showing a drastic increase in proton desorption from O-PILC at pH ∼8. In fact, the observed increase is already discernible at pH ∼6. In the interval between pH 8.0 and 8.2, H + desorption varies from 539 to 941 µmol g −1 for O-PILC, whereas the corresponding variation for H + -PILC ranges from 265 to 304 µmol g −1 . The difference in the amounts of H + desorbed by the two PILCs quantifies the effect of the weak acid groups on Sr 2+ uptake. This extra amount of Sr 2+ uptaken by the O-PILC is plotted as a function of pH in Fig. 4 . In the region 8.0 < pH < 8.2, the average increase in Sr 2+ uptake compared to H + -PILC is determined to be 136 ± 14%. In the case of A-PILC, the buffer action is displaced toward higher pH values and a short plateau appears in the titration curve of Fig. 2 at pH ∼9. 
The extra H
+ release is considerably smaller than in the case of O-PILC and is now initiated slightly below pH 8 (see Fig. 3 ). More specifically, in the region 9.0 < pH < 9.2, the average increase in Sr 2+ uptake by A-PILC compared to H + -PILC is determined to be 41 ± 1% (see Fig. 4 ). The overall picture clearly implies that the oxalate groups remain fully protonated up to pH ∼6 while the acetate groups, being weaker by ∼3.5 pK units, remain fully protonated until pH ∼8. At higher pH values, carboxylic anions appear as fixed charges in the PILC structure. Given that the second pK value of oxalic acid is lower than the pK of acetic acid, it can be presumed that if acetate anions are imparted in A-PILC at pH > 8, then normally divalent oxalate anions should have been imparted in O-PILC at the same pH. Attention, however, must be drawn to the fact that the dissociation of acid groups is suppressed inside the PILC as long as the pH of the interlayer water (pH PILC ) is lower than the pK acid . The distinction between bulk pH and pH PILC is required due to the inherent acidity of montmorillonites. Several measurements by means of surface conductivity, NMR, adsorption of inorganic and organic bases, and Hammett indicators have shown that the pH of the interlayer water is usually between −3 and 1.5 (37) . An H + -montmorillonite, in particular, shows even higher surface acidity (38, 39) , which, however, decreases when the clay is immersed in aqueous media or when the initial H + is replaced by other ions, e.g., Sr 2+ . As the titration proceeds, pH PILC is expected to rise above pK acid , thus driving the acid from its undissociated to the dissociated state. In this connection, it should be pointed out that the pK acid values known in wet chemistry do not necessarily apply in the highly acidic PILC interlayer. All facts considered, the present data do not allow the deduction of quantitative relations between the solution pH, the pH PILC , and the pK acid . They do, however, provide valuable insight into pH-dependent reactions taking place inside the PILC.
Strontium Adsorption Isotherms
Strontium adsorption isotherms were taken at pH ∼8 for H + -PILC and for the acid-modified PILCs. As indicated by the titrations' results presented above, the effect of oxalic acid will be dominant in this pH region, while that of acetic acid is barely discernible as it hardly dissociates. Malonic and citric, having pK 1 values lying in between are expected to have an intermediate effect on strontium uptake. The experimental data shown in Fig. 5 are in line with these considerations and are well described using a Langmuir-type isotherm in the form
In Eq. [4] , Q (meq g −1 ) and C e (meq L −1 ) stand for the equilibrium concentrations of Sr 2+ in PILC and in solution, respectively. Parameter L (L meq −1 ) can be interpreted in terms of the initial slope of the normalized Eq. [4] :
at low C e concentrations, whereas Q max (meq g −1 ) represents the horizontal asymptote of Eq. [4] and corresponds to saturation of the PILC by cation exchange, surface complexation or carboxylate complexation reactions. The L and Q max values obtained from the data of Fig. 5 are given in Table 1 . Therein one notes that strontium saturation levels for H + -PILC at pH ∼8 (∼0.7 meq g −1 ) are higher than those determined for pristine PILC at neutral pH (0.64 meq g −1 ). Yet, previously reported results (14) show that Sr 2+ loading in pristine PILC reaches ∼0.76 meq g −1 at pH ∼8. These figures indicate that, compared to Na + , H + -compensating cations are less prone to exchange for Sr 2+ -competing ions. Although, in general, adsorption on clay minerals is favored for higher valence ions, it is known that hydronium violates this rule and behaves like a di-or trivalent ion (40) . Adsorption isotherms for the acidmodified samples show that compared to H + -PILC saturation levels increase in the order A-PILC < M-PILC ∼ C-PILC < O-PILC. This finding hints at an increase of strontium adsorption with increasing acid strength and is further discussed in the next section.
It is interesting to compare between strontium uptake calculated from the exchange isotherms at pH ∼8 (Q max values) and strontium uptake calculated from the titration curves at the relevant pH region (see Fig. 4 ). The latter showed that at pH between 8 and 8.2, O-and A-PILC adsorb, respectively, 0.51 ± 0.17 and 0.11 ± 0.01 meq Sr 2+ per g more than H + -PILC. These values are calculated as the average and standard deviation of the experimental points. The same surplus, determined from the data of Table 1 , amounts to 0.43 ± 0.03 meq g −1 for O-PILC and 0.07 ± 0.01 meq g −1 for A-PILC. The overall consistency of the two results indicates that it is reasonable to accept an equivalence between proton desorption and strontium adsorption when interpreting the titrations' data. Moreover, subtraction of H + -PILC from acid-PILC data rather smears out any discrepancies related to the assumptions of high selectivity for Sr 2+ and high affinity for cation adsorption, as discussed in Eq. [1] .
Strontium Saturation Levels and Acid Strength
The contribution of carboxylates to strontium uptake may be separated from uptake on clay surface groups and structural charge sites. The first dissociation reaction of a carboxylic acid (RCOOH) inside the PILC,
is described by the constant
where The degree of dissociation is defined as the ratio of dissociated (Q dis ) to total (Q tot ) carboxylate groups inside the PILC:
From Eqs. [6] and [7] it can be deduced that:
where pK = −logK and pH = − [9] where all concentrations are in mol L −1 , F is the Faraday constant, R is the molar gas constant, and T is the absolute temperature. The pH inside the PILC may subsequently be written as The contribution of carboxylate groups depending on their acid strength or the solution pH, can be traced by reforming Eq. [12] to
. [13] Note that ψ PILC is now incorporated in constant although it should normally depend on the ionic concentration of the exchange solution (31 = λ = constant), it can be inferred from Eq. [13] that Q dis → 0 forK λ Q dis → Q tot forK λ. [14] Therefore, with increasing acid strength of the organic species, more groups are driven to dissociation. In the case of the adsorption isotherms discussed in the previous section (see Fig. 5 . Moreover, in a first approximation it can be presumed that the pK constants known for bulk chemistry can also be applied for acid dissociation inside the PILC. Hence, the conditionK 10 −5 or pK > 5 of Eq. [14] indicates that, in agreement with the experimental data, dissociation inside the PILC is expected to proceed only for acids stronger than, i.e., acetic acid (pK = 4.75).
The role of the solution pH in acid dissociation inside the PILC may also be deduced from Eq. [13] . At Fig. 2 ).
CONCLUSIONS
Apart from the conventional cation exchange capacity, an apparent cation exchange capacity can be attributed to PILCs containing carboxylate functional groups. Upon dissociation of these groups, extra negative charges arise in the porous structure and these may be compensated by cations from the exchange solution. Depending on the application needs, to create these extra charges, the solution pH has to be tuned to the strength of the intercalated acid or vice versa. This approach can also be viewed as a means to increase the PILC's selectivity by employing organic groups capable of forming insoluble complexes with a particular cation but not with competing ones.
